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Abstract  Measurements of δ D and salinity were carried out in the Prydz Bay during two Antarctic 
cruises, the 13th and the 14th Chinese National Antarctic Research expeditions (CHINARE). Mass 
balance calculations based on δ D and salinity showed that during the 13th CHINARE cruise, per- 
centages of glacial meltwater and sea ice meltwater in the study region ranged from 0% to 3.82% 
and from –3.19% to 4.78%, respectively. Meanwhile, the percentages were 1.53%—3.98% and 
–3.80%—4.52% during the 14th CHINARE cruise. We depicted plots showing the horizontal dis- 
tributions of glacial meltwater and sea ice meltwater, and found a footprint of Circumpolar Deep 
Water (CDW), which may suggest a strong upwelling in this regime. We also noticed a butterfly- 
like image in the plot, which resulted from two adjacent water masses. It is interesting to note that 
the butterfly-like image deflected anticlockwise with depth. We suggested that the cause of the 
deflection could be due to Ekman effect. Depth profiles of glacial meltwater within the Prydz Bay 
were fundamentally uniform, revealing that inflow of glacial meltwater to the basin was a slower 
process with respect to the vertical mixing in the water column. Nevertheless, percentage of sea 
ice meltwater decreased steadily with depth, presumably due to the effect of seasonal cycle of sea 
ice production. 
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It has been well known by oceanographers that the World Ocean Circulation originates in 
North Atlantic near the Greenland, where in wintertime the cooled surface water descends to form 
North Atlantic Deep Waters (NADW). The NADW, when passing the Antarctica, receives the 
Antarctic Bottom Water (AABW). As the Antarctic Bottom Water has characteristics of low tem-
perature and high components of glacial meltwater, it considerably influences the ocean heat 
budget via the World Ocean Circulation. In recent years, the mass balance of Antarctic Ice Cap 
has drawn substantial interest from numerous scientists, because of its critical role in the variation 
of sea level. Unfortunately, the term melting velocity of Antarctic Ice Cap in the mass balance 
calculation remains a puzzling issue. Nevertheless, if one has obtained some knowledge of the 
glacial meltwater content in the Antarctic margins, the melting velocity of Antarctic Ice Cap can 
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be deduced when combined with the outflow measurements of seawater in these regimes.  
It is difficult, however, to estimate the percentages of glacial meltwater and sea ice meltwater 
if only CTD data are available. This is primarily because water masses at high latitudes generally 
comprise at least three components. Accordingly, percentage calculations require at least three 
conservative parameters for the mass balance equations. Besides mass and salinity, the isotopic 
composition defined as δ  D(δ 2H) and δ 18O is also a conservative property of seawater. The hy-
drogen and oxygen isotope composition in seawater shows only a slight variation except at high 
latitudes or near those coastal margins where there is significant input or removal of fresh water. 
Due to the isotopic fractionation processes that occur during evaporation, condensation and sea ice 
freezing, precipitation is generally depleted in the heavier isotopes of hydrogen and oxygen, 
whereas sea ice is heavier isotopes-rich. Moreover, the fractionation processes are temperature 
dependent. Hence, precipitation at higher latitudes and higher elevations shows a progressively 
lower δ  D and δ 18O values. As such, one would expect that seawater, glacial meltwater and sea ice 
meltwater in these regimes differ considerably in isotopic composition. The advantage has been 
taken by researchers to determine distinct components of water masses in higher-latitude regions 
when combined with measurements of salinity[1—5]. Successful applications of δ D and δ 18O in-
clude deduction of ice melt inputs to coastal waters and determination of source waters in the Arc-
tic region. Few studies, however, have been undertaken in the Antarctic margins before this work. 
1  Sample collection 
The Prydz Bay is one of the three major Antarctic coastal seas (the other two are Weddell Sea 
and Ross Sea). It locates in the southern Indian Ocean sector. Water depth in the basin is around 
500—600 m, with a maximum of more than 800 m. During the 13th (from November 1996 to 
April 1997) and the 14th (from November 1997 
to April 1998) CHINARE cruises, seawater 
samples were collected at 30 stations in the 
Prydz Bay. The occupied domain was from 
65°S to 69°20′S and 70°E to 78°E. Sampling 
locations are shown in fig. 1. Seawater samples 
were taken at selected depths using Go-Flo 
samplers attached to a CTD system. We also 
collected glacial ice and sea ice samples in the 
study region. After collection, the ice samples 
were set under near 0℃ circumstance and melt 
slowly. The glacial meltwater, sea ice meltwater 
as well as seawater samples were stored in 
50-mL PVC bottles. Onshore, hydrogen isotope 
 
Fig. 1.  Locations of the sampling stations in the Prydz Bay, 
Antarctica, from the 13th (open circles) and the 14th (closed 
triangles) CHINARE cruises. 
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composition of the samples was determined with a mass spectrometer in the Department of 
Chemistry, Peking University. 
2  Hydrogen isotope analysis   
Analytical procedure involved the reduction of water with zinc and the isotopic analysis of 
hydrogen gas[6]. 
2.1  Reduction of water 
The reagent used is Analar zinc shot (BDH Ltd., England). The zinc shot was washed suc-
cessively in diluted nitric acid, tap water, deionized water and acetone, then dried, outgassed and 
stored in dry nitrogen. Approximately 0.2 g of the zinc shot was put into a reaction tube (Ø 8×160 
mm). The tube was sealed and attached to a suitable vacuum line. The vessel was evacuated to 
<0.5 Pa and outgassed for 2 h by warming to about 200℃ using a hot air gun. Having been 
cooled, the tube was filled with dry nitrogen. 10 ìL of water sample was introduced to the bottom 
of the tube using a syringe. Liquid nitrogen was used to freeze the water sample. The evacuated 
tube containing zinc shot and water sample was put into a heating block at 450℃. After about 2 h, 
the tube was attached to the mass spectrometer inlet system for isotopic analysis without any fur-
ther cleanup of the gas. 
2.2  Isotopic analysis 
The isotopic composition of the gas is measured with a mass spectrometer VG SIRA-24. The 
isotopic composition of the water sample is expressed as δ D, which is the fractional difference 
between ratios of the sample and a standard reference: 









where R3/2 is the isotopic abundance ratio of mass 3 to 2. 
The samples were run and measured against a reference gas. The contribution from H3+ to the 
HD ion beam has been corrected automatically. To get the δ D values against VSMOW, national 
standard substances GBW 04401 (δ D = − 0.4‰) and GBW 04404 (δ D = −428.3‰) were meas-
ured simultaneously with samples. Duplicate analyses were conducted for all samples. Results 
indicated that the precision was generally within 1‰. 
3  Results and discussion 
3.1  Percentage calculations of glacial meltwater and sea ice meltwater 
Salinity and δ D in seawater from the study region are given in table 1. As shown in table 1,  
δ D varies between – 6.5‰ and 0.5‰. Since Circumpolar Deep Water (CDW) is the only water 
mass that intrudes southward into the Antarctic margins[7], we thus speculate that all water masses 
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there originate chiefly from the interaction of Circumpolar Deep Water, glaciers and sea ice. By 
applying mass balance equations, percentages of seawater components in the Prydz Bay can be 
quantified by 
 FCDW + FMW + FSIM  = 1, (1) 
 FCDW·SCDW + FMW·SMW + FSIM·SSIM  = S (2) 
and 
 FCDW·δ DCDW + FMW·δ DMW + FSIM·δ DSIM = δ D, (3) 
where F denotes percentage, S is salinity, δ D is hydrogen isotope composition. The subscriptions 
CDW, MW and SIM are Circumpolar Deep Water, glacial meltwater and sea ice meltwater, re-
spectively. Measurements showed that δ D values in glacial meltwater from the two CHINARE 
cruises were –146.7‰ ± 0.4‰ and –155.1‰ ± 0.6‰, and the mean was –151.0‰ ± 0.4‰. 
During the 15th CHINARE cruise, Liu et al.[8] collected numerous snow samples and fresh lake 
water samples. Isotopic analysis showed that mean δ Ds of the snow and lake waters were  
–159.6‰ and –153.7‰, in close agreement with our results. Generally, precipitation is character-
ized by very low salinity, and therefore, it was assumed to have a salinity of zero in this study. As 
mentioned above, sea ice is rich in heavier isotope 2H because of isotopic fractionation processes 
that occur during sea ice freezing. In this study, we also determined the hydrogen isotope compo-
sition in sea ice meltwater and found that the δ Ds were 16.7‰ ± 0.1‰ and 16.4‰ ± 0.5‰, 
with an average of 16.6‰ ± 0.3‰. Lenmann and Siegenthaler[9] have demonstrated that the equi-
librium hydrogen isotope fractionation factor between ice and water is 1.0204; that is, δ  D in sea 
ice is 20.4‰ heavier than that in underlying water. As shown in table 1, surface δ D in the study 
region was around – 4.0‰. According to Lenmann and Siegenthaler[9], δ D = 16.4‰ in sea ice 
would be expected under equilibrium fractionation, which agrees very well with our measurement. 
Sea ice salinity has been determined to be 6.2 by Macdonald et al.[5], i.e. SSIM = 6.2. Circumpolar 
Deep Water (CDW) is by far the most abundant water mass in the region, with core salinity of 
around 34.70[10]. Our measurement suggested that its δ D was approximately 0.0 ‰,  comparable to 
the results obtained by Zeng et al.1) and Liu et al.2) from the 15th CHINARE cruise. 
Substituting the typical S and δ D to eqs. (1)—(3), we get 
 FCDW + FMW + FSIM = 1,                           (4) 
 34.70 FCDW + 6.2 FSIM = S (5) 
and  
 −151FMW + 16.6 FSIM = δ D.                        (6) 
Based on the above equations, FCDW, FMW and FSIM were calculated. Results have been listed in 
table 1. As shown in table 1, FMW and FSIM in the study region ranged from 0.0% to 3.82% and 
from –3.19% to 4.78% during the 13th CHINARE cruise, whereas during the 14th CHINARE 
                                                        
1) Zeng, X. Z., Yin, M. D., Zeng, W. Y. et al., Distribution features of 18O and NO in the Prydz Bay and its implications 
for physical oceanography (submitted to Science in China, Ser. D), 2002. 
2) Liu, G. S., Huang, Y. P., Chen, M. et al., Water mass ä D in the Prydz Bay, Antarctica (submitted to Journal of Xiamen 
University (Natural Science)), 2002. 
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cruise, the percentages were 1.53%—3.98% and –3.80%—4.52%, respectively. Note that FSIM 
could be either positive or negative. For example, surface FCDW, FMW and FSIM at station 2 from 
the 14th CHINARE cruise were 93.52%, 2.61% and 3.87%, meaning that 100 g of the seawater 
was the mixture of 93.52 g of Circumpolar Deep Water, 2.61 g of glacial meltwater and 3.87 g of 
sea ice meltwater. Meanwhile, at the same station, FCDW, FMW and FSIM at 200 m were 99.59%, 
2.43% and – 2.02%. The implication is that 100 g of the seawater was produced by the mixture of 
99.59 g of Circumpolar Deep Water and 2.43 g of glacial meltwater, which subsequently released 
2.02 g of sea ice by freezing. 
3.2  Horizontal distributions of glacial meltwater and sea ice meltwater 
Plots showing horizontal distributions of FMW and FSIM at 0, 25, 50, 100, 150, 200, 300 m 
from the 13th CHINARE cruise were depicted. Here, for the ease of interpretation, only FMW plots 
at 50 and 200 m, and FSIM plots at 100 and 200 m are shown in figs. 2 and 3. Other plots showed  
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similar distribution patterns. In figs. 2 and 3, two water masses were evident: one was centered 
around 66.5°S, 74°E and could be identified by its low FMW and high FSIM. The other, which was 
characterized by high FMW and low FSIM, was centered around 67°S, 74°E. Interestingly, the two 
water masses formed a butterfly-like image. Judging from the salinity and δ  D, we suggest that the 
water mass around 66.5°S, 74°E is a footprint of Circumpolar Deep Water, and the other is the 
continental shelf water as identified by Smith et al.[10]. Since the Prydz Bay is a semi-enclosed 
basin, water exchange with open oceans should be restricted. Thus, one would expect a longer 
water residence time within the basin, which allowed significant accumulations of glacial melt-
water and saline water released by ice freezing. Accordingly, as shown above, the continental 
shelf water was identified by high contents of glacial meltwater and saline water (i.e. high FMW 
and low FSIM). In the oceanic domain, it is very likely that water residence time is considerably 
shorter than that within the basin due to the strong upwelling of Circumpolar Deep Water. The 
shorter residence time may therefore greatly constrain the accumulations of glacial meltwater and 
saline water. As such, one would expect that low FMW and high FSIM were typical of open waters. 
It is worthwhile to note an interesting phenomenon in figs. 2 and 3. The butterfly-like images 
in figs. 2(a) and 3(a) are northeast oriented, while in figs. 2(b) and 3(b) the images are northwest 
oriented, as a butterfly rotates by 90 degrees while flying. We ascribed the phenomenon to the 
Ekman effect. As we know that the region is dominated by strong easterly, a wind-driven current 
with its direction deflecting by 45 degrees to the left-hand side of the wind direction would occur 
at the sea surface because of the Ekman effect[11]. Moreover, in the Southern Hemisphere the cur-
rent would further deflect anticlockwise with increasing depth. Accordingly, most contours in figs. 
2(a) and 3(a) extend southwestward, whereas contours below 100 m mainly stretch southeastward 
(figs. 2(b) and 3(b)). 
Fig. 4(a) and (b) exhibits the FMW and FSIM plots typical of the 14th CHINARE cruise. Al- 
 
 
Fig. 4.  Horizontal distributions of FMW (a) and FSIM (b) (%) at 50 m from the 14th CHINARE cruise. 
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though most stations of this cruise were located within the Prydz Bay, a landward increase trend in 
FMW is still pronounced. Note that most contours in fig. 4(a) are nearly parallel to the edge of ice 
shelf. Additionally, FMW increases steadily toward the ice shelf. This reveals that glacial meltwater 
in the basin may originate chiefly from the melting of ice shelf. By comparison of fig. 4, fig. 2 and 
fig. 3, one also sees the interannual variation in water composition, with FMW and FSIM from the 
14th CHINARE cruise significantly higher than those from the 13th CHINARE cruise. One possi-
ble explanation is that the region was warmer during the 14th CHINARE cruise because of the 
prevailing El-Niño event. The higher temperature may intensify the melting of ice shelf and sea 
ice, and hence enhance the FMW and FSIM in seawater.  
3.3  Vertical distributions of glacial meltwater and sea ice meltwater 
Fig. 5(a) and (b) show the typical depth profiles of FMW and FSIM at station 2 from the 14th 
CHINARE cruise, and at station 12 from the 13th CHINARE cruise. As shown in fig. 5 and table 
1, there are mainly two groups of depth profiles of glacial meltwater in the study region. Within 
the basin, most depth profiles of glacial meltwater were fundamentally uniform. Meanwhile, in the 
oceanic domain FMW decreased steadily with depth. Nevertheless, FSIM dropped progressively 
with depth within the basin, yet in the oceanic domain it decreased to a minimum, then increased 
slowly with depth. Again, we suggest that the patterns are related to water mixing process in the 
water column. As mentioned above, long residence time of the Prydz Bay water was assumed 
since the Prydz Bay is a semi-enclosed basin. In wintertime the descent of high-density saline wa-
ter released by ice freezing would enhance vertical mixing in the water column. If the enhanced 
water mixing were a rapid process relative to the input of glacial meltwater, then one would ex-
pect a uniform depth profile of FMW as depicted in fig. 5(a). In the oceanic domain, FSIM = 0 and 
FMW = 0 would be expected once the core of Circumpolar Deep Water is approached. Thus, as 
shown in fig. 5(b), FMW decreased persistently to the depth where the core of Circumpolar Deep 
Water occurred. Note that FSIM within the basin also showed a reduction with depth, which, we 
suspect, may be ascribed to the seasonal cycle of sea ice production. As the pack ice covered on 
the sea surface recedes in summertime, the sea ice meltwater, because of its low salinity and den-
 
Fig. 5.  Typical depth profiles of FMW and FSIM within the basin (a) and in oceanic domain (b). 
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sity, would reside mainly at the sea surface. In austral winter, high-density saline water released by 
ice freezing descends and accumulates in the lower water column. Both the effects of sea ice 
melting and saline water production would lead to the steady depth decrease in FSIM. In the 
oceanic domain, FSIM profiles in the upper water column were similar to those within the basin. In 
this case, with the approach of Circumpolar Deep Water, FSIM increased to zero. Consequently, the 
overall depth profiles of FSIM in open waters show an initial reduction, then a steady elevation 
with depth. 
4  Conclusions 
In this study, ä D and salinity data were collected in the Prydz Bay, Antarctica, during the 
13th and 14th CHINARE cruises. By applying mass balance equations, percentages of glacial 
meltwater and sea ice meltwater (FMW and FSIM) in seawater were estimated to be 0%—3.82% and 
–3.19%—4.78% for the 13th CHINARE cruise, and to be 1.53%—3.98% and –3.80%—4.52% for 
the 14th CHINARE cruise. 
From the horizontal distributions of FMW and FSIM, we see a butterfly-like image resulting 
from two adjacent water masses. The water mass in the oceanic domain was characterized by low 
FMW and high FSIM, and was confirmed to be a footprint of Circumpolar Deep Water. Meanwhile, 
high FMW and low FSIM were typical of the water mass within the Prydz Bay. The difference be-
tween the two water masses can be explained by the effect of water residence time.  
Deflection in the butterfly-like image was evident in the spatial distribution plots of FMW and 
FSIM. We suggest that the deflection may be due to the Ekman effect. As such, we believe that the 
isotope 2H is a powerful tool in the study of water masses and circulations in high-latitude regions. 
Depth profiles of FMW in the Prydz Bay were fundamentally uniform. One explanation is that 
the residence time of the Prydz Bay water was long, while the input of glacial meltwater from ice 
shelf was a slower process relative to water mixing in the water column. We found that FSIM 
within the basin decreased steadily with depth, and attributed the pattern to the combined effects 
of sea ice melting and saline water production. In the oceanic domain, vertical distribution pat-
terns of FMW and FSIM were somewhat different from those within the basin. This is because of the 
occurrence of Circumpolar Deep Water at middle depth, where both FMW and FSIM were close to 
zero. 
Our work has important implication for the study on mass balance of Antarctic Ice Cap. 
Since the ice melt input to the Prydz Bay can be deduced from the FMW in this study when com-
bined with water residence time, one can also derive the melting velocity of Antarctic Ice Cap by 
applying the same strategy to the whole Antarctic margins. 
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